Abstract
INTRODUCTION
Hepatitis B virus (HBV) infection causes a wide range of chronic infectious diseases, including chronic hepatitis, liver cirrhosis and hepatocellular carcinoma (HCC) . In 2010, the number of patients in which HBV infection was the main cause of death was reported to be 786000 worldwide [1, 2] . The incidence of chronic HBV infection in children has been considerably decreased by the successful development of antiHBV vaccine [3] [4] [5] . Nevertheless, the high risk of liver cirrhosis (LC) and HCC is still a problem in adult HBV carriers. The five-year cumulative risk of HCC progression is approximately 10%-17% in LC patients, and disease progression from chronic hepatitis B to LC is expected in 12%-20% of patients in 5 years [6] [7] [8] . HBV genotype C2, which is predominant in Asia, is associated with a particularly significant risk of HCC compared to that conferred by HBVs of other genotypes [9] [10] [11] . The correlation between HBV infection and sex disparity in susceptibility to HCC has been well documented. However, the mechanism by which HBV causes cancer development is still unresolved. Premature termination of HBV X protein (HBx), which results in truncated hepatitis B surface antigen (HBsAg), or mutations, particularly deletions, in the preS region of large-surface proteins (LHBs) have been reported to be associated with HCC progression [12] [13] [14] [15] . Prevalence in males is one of the remarkable global epidemiological characteristics of HCC, as approximately 3-5 times more cases of HCC are observed in men than in women [16] [17] [18] . The sex disparity is more prominent in HBV-related HCC than in hepatitis C virus-related HCC, suggesting the presence of an HBV infection-related factor that determines HCC male predominance [19, 20] . It has been reported that high expression levels of both androgen and active androgen receptor gene alleles increase the risk of HCC in male patients with chronic hepatitis B due to the interaction between HBx and androgen axis [21] [22] [23] . HCC development is likely affected not only by the HBx-androgen axis interactions but also by a tumor-protective effect of estrogen. In particular, it has been suggested that taking contraceptives or postmenopausal hormone therapy associated with longterm exposure to estrogen reduces the risk of HCC in female patients [24] . In addition, it has been reported that estrogen receptor α-mediated inhibition of interleukin (IL)-6 production had an essential role in inhibiting carcinogenesis in a mouse model of HCC induced chemically by diethylnitrosamine [25, 26] . On the basis of differential time courses of HCC development and disease severity in wild-type (WT) individuals and in individuals with LHB mutations, it has been proposed that mutated LHBs lead to carcinogenesis by inducing endoplasmic reticulum stress pathway or by altering transactivating capacity of hepatocytes [27] [28] [29] . In a molecular epidemiological study, we have previously found that the W4P mutation in the preS1 start region is associated with HCC development in male but not female patients [30] . In addition, our further cell-based and nude mouse xenograft model studies supported the notion that the W4P mutation likely induced HCC progression in an IL-6-dependent manner in male patients [31] . Here, to gain further insight into the role of this mutation in the sex disparity of HBVinduced liver inflammation, we created transgenic (TG) mice carrying the full HBV genome with the W4P mutation and evaluated HBV virion replication and IL-6-mediated inflammation in male and female TG and WT individuals.
MATERIALS AND METHODS
Generation of the full-length HBV genome construct with the prS1 W4P mutation using site-directed mutagenesis
The mutant full-length HBV genome construct carrying the W4P mutation in the preS1 region (hereafter, pHY92-W4P) was generated by site-directed mutagenesis of the WT pHBV-1.1x vector (hereafter, pHY92-WT) (Genotype A, GenBank No. AF305422), which was kindly provided by Yang et al [32] . The mutagenesis was performed using the forward primer W4P-F (5'-AACAAGAGCTACGCATGGGAGGTCCGT CATCAAAACCTC-3') and the reverse primer
CCCATGCTGTAGCTCTTGTT-3') located from 2473 bp and 2513 bp. Site-directed mutagenesis of the full HBV genome was performed as described [33] .
TG mice
To generate W4P TG mice, fertilized C57BL/6N embryos and HBV full genome with the W4P mutation were comicroinjected into one-cell embryo in accordance with the standard microinjection procedures for TG mouse production (Macrogen, Seoul, Korea). Genotyping of TG mice was conducted by PCR and viral DNA samples obtained from tail vein bleeds were screened using the primers PreS-F (5'-GGGTCACCATATTCTTGGGAA-3') and PreS-R (5'-CGAATGCTCCCRCTCCTAC-3). The mice were housed in a specific pathogen-free laboratory animal center. The TG mice were crossed with B6D2F1/J mice (The Jackson Laboratory, Bar Harbor, ME, United States) and the HBV-expressing offspring mice, as well as their littermates, were used in this study. All animal experiments were conducted following United States' National Institutes of Health guidelines for housing and care of laboratory animals 
C
Tissue sections were stained with hematoxylin and eosin at the Seoul National University Hospital Biomedical Research Institute facility. Immunohistochemical staining with an anti-preS1 monoclonal antibody (Aprogen, Daejeon, South Korea) was also performed. Deparaffinized sections were heated in citrate buffer (Zytomed, Berlin, Germany) to accomplish antigen retrieval. Endogenous peroxidase was blocked with peroxidase blocking solution (Zytomed). An anti-preS1 antibody was applied as the primary antibody followed by the application of the avidin-biotin complex method to detect the primary antibody. Peroxidase activity was visualized by a 3,3'-diaminobenzidine substrate kit (Zytomed) with hematoxylin (Wako, Osaka, Japan) as counterstain.
Statistical analysis
All ELISA assays in this study were repeated at least three times, and the results were expressed as the mean percentage ± standard deviation, or as the median (± range). For continuous variables, separate one-way analyses of variance were used to determine and in accordance with the protocol approved by the Institutional Animal Care and Use Committee (IAUAC) of the Seoul National University College of Medicine (Protocol No. SNU-111025).
Enzyme-linked immunosorbent assay
Serum HBsAg levels in male and female W4P TG mice and their WT littermates were determined by enzyme-linked immunosorbent assay (ELISA) using a commercial Bioelisa HBsAg color kit (Biokit, Barcelona, Spain) according to the procedures provided by the manufacturer. The amount of secreted IL-6 was determined by a mIL-6 ELISA kit (eBioscience, San Diego, CA, United States). Serum levels of alanine aminotransferase (ALT) and aspartate transaminase (AST) were determined at the Seoul National University Hospital Biomedical Research Institute facility.
Hematoxylin and eosin staining and immunohistochemistry
Liver samples were fixed with 4% paraformaldehyde in phosphate-buffered saline and embedded in paraffin. In situ view of liver of W4P TG male mice and W4P TG female mice at 10 mo of age; B: Liver weight ratio against the total body weight (mg) in W4P mutant mice (males: 24 mice; females: 18 mice) and nonTG littermates (males: 17 mice; females: 15 mice) at 10 mo of age ( a P < 0.05, b P < 0.01, and c P < 0.001 vs W4P male, one-way ANOVA. if there was a significant difference by using the Bartlett's test. All statistical analyses were conducted with a significance level of α = 0.05 (P < 0.05).
RESULTS

Construction of TG mice harboring full HBV genome with the W4P mutation in preS1
TG mice generated on B6D2F1/J background expressed the full-length HBV genome with the W4P mutation in preS1 under the control of the cytomegalovirus (CMV) promoter. For this purpose, we used site-directed mutagenesis of the pHY92 vector containing a copy of the 1.1x-unit length HBV genome under the control of the CMV promoter (genotype A, serotype adw, HBV strain identical to GenBank AF305422), which was provided by Yang et al [32] , and generated a missense mutation, changing tryptophan to proline (TGG to CCG) at the fourth codon of preS1 ( Figure 1A) . Comparison of WT and W4P mutant LHB region sequences is shown in Supplementary Figure 1 .
To confirm whether TG mice harbored the full HBV genome, the presence of virion DNA and secreted HBsAg in the serum or liver was checked by PCR and ELISA, respectively ( Figure 1A ).
Increased hepatomegaly and lipid granule content in male W4P TG mice
To check whether there was sex disparity in hepatomegaly, we examined the ratio of the liver weight to total body weight between W4P TG mice (24 males, 18 females) and their nonTG littermates (17 males, 15 females) at 10 mo of age. W4P TG male mice showed a significantly higher liver to total body weight ratio compared to that in mice of the three other groups, including W4P TG female mice and nonTG littermates (male and female mice) (Figure 2 ). Examination of histological samples stained with hematoxylin and eosin revealed that the incidence of mice generating lipid granules was higher in W4P male mice compared to that in W4P TG female mice and nonTG littermates (Figure 3 ).
Higher serum levels of HBsAg and increased amounts of LHBs in the livers of male W4P TG mice
Next, to check whether there was sex disparity in HBV production, we determined HBsAg levels in the serum and LHB levels in the livers of W4P TG mice (24 males, 18 females) and their nonTG littermates (17 males, 15 females) at 10 mo of age. W4P TG male mice showed a significantly higher level of HBsAg in the serum compared to that in mice from the other three groups. Immunohistochemical staining of the liver samples using an anti-preS1 antibody also showed increased LHB production in W4P TG male mice (Figure 4 ).
Increased serum levels of ALT and IL-6 in male W4P TG mice
It has been reported previously that the presence of the W4P mutation in the preS1 region sex-dependently affected IL-6 production in the xenograft nude mouse model system, which could be one of the reasons for increased male susceptibility to HCC [31] . Thus, to check whether there was sex disparity in the induction of IL-6-mediated inflammation, we next examined serum IL-6 levels in W4P TG mice (24 males, 18 females) and their nonTG littermates (17 males, 15 females) at 10 mo of age. W4P TG male mice showed significantly higher serum IL-6 levels than did mice of the other three groups ( Figure 5 ). We also checked the levels of liver enzymes in the serum as indicators of liver damage in the four groups of mice. We found that W4P TG male mice had significantly higher serum levels of ALT than mice from the other three groups. However, serum AST levels were not significantly different in the four groups of mice ( Figure 6 ).
DISCUSSION
Increasing evidence has shown sex disparity in the incidence of HBV-associated HCC in a sex hormonedependent manner. Sex hormones, including androgen and estrogen, likely affect the progression of HBV infection and development of HBV-related HCC via their actions on receptor-mediated cell signaling [24] [25] [26] . To date, of all HBV proteins, HBx has been most extensively studied as the predominant virus interactor with host cell sex hormone-mediated signaling [22, 23] . However, in our recent molecular epidemiologic and cell-based studies, we have demonstrated that LHB harboring the W4P mutation in preS1 could also contribute to the sex disparity of HBV-associated HCC in an IL-6-dependent manner [30, 31] . In the present study, we constructed W4P TG mice that expressed the full HBV genome, which can help us to study sex disparity of the progression of liver diseases, including chronic hepatitis, steatohepatitis, cirrhosis and HCC, following chronic HBV infection.
We identified three noteworthy findings supporting the contribution of the W4P mutation in preS1 to liver disease progression in male patients. First, by using the W4P TG mouse model of chronic HBV infection, we found that male W4P TG mice exhibited higher levels of secreted HBsAg and liver LHBs, which was indicative of higher HBV replication than in female W4P TG mice ( Figure 4 ) and is one of the known HCC risk factors [34] . Second, we found that male W4P TG mice showed increased incidence of hepatomegaly and lipid droplets (Figure 3) , reflecting the imbalance of metabolic liver homeostasis, which could drive liver pathogenesis, including fatty liver and steatohepatitis, and further promote tumorigenesis. Third, we found that male W4P TG mice had increased IL-6-related liver inflammation and higher serum ALT levels ( Figure 5 ), which were indications of liver damage, compared to those seen in female W4P TG mice.
IL-6 is one of the core stimulators that lead to persistent HBV infection and development of HBVrelated HCC. It is also a key cytokine that may be a link to preferential male susceptibility to HCC [25, 31] . A previous study that used diethylnitrosamine to evoke HCC showed that estrogen prevented HCC generation in female mice by inhibiting IL-6 production in a Myd88-dependent manner. That observation suggested that inhibition of IL-6 production in liver Kupffer cells by estrogen and estrogen receptor-mediated signaling pathways could be a major molecular mechanism that underlies sex disparity in HBV-associated liver diseases, including HCC [25, 26] . Furthermore, increased hepatic IL-6 production also likely plays a pivotal role in the development of nonalcoholic fatty liver disease, nonalcoholic steatohepatitis, and insulin resistance, which are the leading causes of HCC [35] [36] [37] [38] [39] [40] . Thus, our W4P TG model showing increased hepatic IL-6 production could provide a novel insight into the relationships between IL-6 production due to an infection caused by an HBV variant on the one hand, and development of nonalcoholic steatohepatitis, type 2 diabetes or HCC on the other hand.
Our study had some limitations. Unfortunately, we did not prove predominant carcinogenesis in males in our W4P TG mice. Therefore, further studies are necessary to demonstrate higher male susceptibility to liver carcinogenesis in our W4P TG mouse model and clarify its mechanism in the future. In addition, the relationships between increased hepatic production of IL-6 in mice expressing HBV genome with the W4P mutation and fat accumulation, increased liver weight and HCC development also remain to be elucidated in the future.
The phenotypes of male W4P TG mice, namely higher levels of IL-6 and ALT in the serum, could provide a technical advantage in drug screening protocols, as it will be possible to analyze not only the inhibition of HBV replication but also the antiinflammatory activity. To the best of our knowledge, this possibility is currently not available in other related TG mouse models.
In conclusion, we created W4P TG mice that constitutively express the full HBV genome with the W4P mutation in preS1 in the present study. Our data using W4P TG mice indicate that this mutation likely contributes to sex disparity in the susceptibility to liver disease, including HCC, leading to increased HBV virion replication and enhanced IL-6-mediated inflammation in male individuals. Additionally, the developed TG mouse model system carrying the full HBV genome with the W4P mutation in preS1 could be effectively used not only in basic research into the mechanisms of liver disease progression in HCC but also for the screening of antiHBV or antiinflammatory drugs.
ARTICLE HIGHLIGHTS
Research background
A remarkable global epidemiological feature of hepatocellular carcinoma (HCC) is its higher incidence in males. Recently, we identified the novel W4P substitution in the preS1 region of hepatitis B virus (HBV) related to HCC that occurs exclusively in male patients. We have also shown that the W4P mutation likely contributed to HCC development, particularly in male patients, in an interleukin (IL)-6-dependent manner.
Research motivation
Studies of sex disparity in the susceptibility to HCC in vivo have mainly utilized the chemical agent diethylnitrosamine to induce HCC in mice. However, no transgenic (TG) mouse model system expressing the full HBV genome has yet been available for the study of sex disparity in HBV-related liver diseases.
Research objectives
To gain further insight into the role of the W4P mutation in the preS1 region of HBV on sex disparity of HBV-induced liver inflammatory manifestations, we created a TG mouse that carried the full HBV genome with this mutation and evaluated HBV virion replication and IL-6-mediated inflammation in mutant and wild-type (WT) mice of both sexes.
Research methods
TG mice were generated by transferring the pHY92-1.1x-HBV-full genome plasmid (genotype A2) into C57Bl/6N mice. We compared serum levels of hepatitis B surface antigen (HBsAg), IL-6, and the liver enzymes alanine aminotransferase (ALT) and aspartate transaminase (AST), as well as liver histopathology features in male and female W4P TG mice and their WT littermates.
Research results
Our data showed significantly increased hepatomegaly, enhanced granule generation in liver tissue, higher HBsAg expression in the liver and serum, and higher serum ALT and IL-6 levels in W4P TG males compared to the values of these parameters in W4P TG females or littermate control groups.
Research conclusions
This is the first study that used TG mice to uncover the role of the W4P mutation in HBV preS1 in sex disparity of liver disease progression due to concomitantly increased HBV virion replication and greater IL-6-mediated inflammation in male individuals.
Research perspectives
The obtained results suggest that W4P TG mice developed in this study could be effectively used not only for the basic research into the mechanisms of HBVassociated liver diseases, including HCC, but also for screening antiHBV and antiinflammatory drugs. 
